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As the greenhouse effect concerns increases, the development of new materials for the efficient capture
and separation of CO, gas from gas mixtures has become a matter of urgency. In this study, we per-
formed density functional theory (DFT) calculations to investigate the adsorption and separation behav-
ior of CO,/CH4/H; on the surface of two-dimensional (2D) Al,C materials under positive/negative applied
electric fields. In the absence of an electric field CO, is weakly physisorbed on the Al,C surface, but with
the application of an applied electric field, the adsorption state of CO, gradually changes from physi-
cal to chemisorption (adsorption energy changes from —0.29eV to —3.61eV), while the negative electric
field has little effect on the adsorption of CO,. We conclude that the C=0 bond in adsorbed CO, can
be activated under an external electric field (maximum activation of 15% under an external electric field
of 0-0.005 a.u.). Only in the presence of an applied electric field of 0.0033 a.u. and temperatures above
525K/675K can the adsorption/separation reaction of CO, single adsorption and CO,/CH4/H; mixture be
spontaneous. The adsorption/desorption of CO, on Al,C nanosheet in an electric field of 0.003-0.0033 a.u.
is all exothermic, which can be easily controlled by switching on/off the electric field without any energy
barriers. The capacity of Al,C to capture CO, per unit electric field decreases with increasing CO, con-
centration, but still has efficient gas separation properties for CO,/CH,/H,. Our theoretical results could

provide guidance for designing high-capacity and high-selectivity CO, capture materials.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon dioxide (CO,) capture is now a major concern due to
global warming caused by the increasing concentration of CO, in
the atmosphere, resulting in huge environmental problems due to
global climate change [1,2]. Therefore, the most effective and di-
rect way to reduce the concentration of CO, in the air is to use
adsorbent materials for the direct adsorption and further process-
ing of CO, reduction of CO, into high value-added products [3-
8], which is of great importance for the protection of the environ-
ment and has therefore attracted the efforts of many researchers
[3,9-11]. Recently, liquid ammonia has been considered an effec-
tive way of absorbing CO,, but this has been limited by the diffi-
culties of CO, recovery, its rather low efficiency, its dependence on
equipment, and its toxicity [12]. As a result, scientists have put a
lot of effort into finding other more environmentally friendly, ef-
ficient, energy-saving, and cost-effective methods of capturing and
separating CO,.
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At present, the mainstream CO, adsorbents are metal-organic
frameworks (MOFs) [13,14], covalent organic frameworks (COFs)
[15], 2D solid materials such as graphene [16], graphene-like mate-
rials such as ZnO [17], Bi cluster [18], porous carbon materials and
polymers [16,19,20]. In order to enhance the adsorption capacity
and selection sensitivity of adsorbent materials for CO,, common
effective strategies include doping [21-23], chemical functionali-
sation [14,24-27], and external electric field modulation [28-31],
building composites [32-34]. However, a common problem with all
these current adsorbents is that the desorption of CO, requires rel-
atively high temperatures, which corresponds to high energy con-
sumption [35,36]. It is therefore necessary to develop adsorbents
with a high CO, capture capacity while at the same time consid-
ering the recycling of CO, and thus improving the efficiency of the
adsorbent [3,4,37].

Recently, Guo et al. developed highly efficient sorbent materi-
als for CO, separation and capture from the gas mixture under
an external electric field on hexagonal boron nitride sheet (h-BN),
which can become an effective sorbent for CO, capture [38]. Tan
et al. performed first-principle calculations to propose hybrid h-
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BN-graphene (hybrid BN/G) nanosheets as an experimentally feasi-
ble strategy to induce a charge on h-BN for charge-controlled CO,
capture and high selectivity for separating CO, from mixtures with
CH4/N5/H; [39]. These demonstrate that the gas separation proper-
ties of the material can be effectively improved by the application
of an electric field and that it is also possible to recycle the gas by
switching off the electric field [29,40-43]. As we all know CO, acts
as a Lewis acid and is easy to gain an electron rather than donat-
ing an electron [3]. Once, if we remove the additional electric field,
the adsorbed gas mixtures can be easily desorbed.

Many of the adsorbents that capture CO, are two-dimensional
materials [44], and the search for new two-dimensional materi-
als with large specific surface areas and high stability is a press-
ing need in current technological developments (including photo-
catalytic/thermodynamics catalytic processes [45-51], gas-sensitive
core components [52], electrode materials, energy storage, and
electronic devices [53], nitrogen reduction reaction [48,52,54-56],
hydrogen evolution reaction [57,58], water spiting [59-61]. Re-
cently, researchers were motivated to find a stable planer structure
of the Al,C monolayer, which suggested that the (100) or (010) sur-
face of PdO may be ideal substrates to grow the Al,C [62]. The pla-
nar structure of Al,C monolayer including two Al and one C atom
per unit cell forms the planar tetracoordinate carbon (PTC) struc-
ture in which each C atom is surrounded by four Al atoms, which
is worth noting that PTC-containing Al,C monolayer as the global
2D structure, strengthens its great potential for synthesis and iden-
tification in experimental realization [62]. Dai et al. found that Al,C
monolayers are semiconducting with a bandgap of 1.05eV (based
on HSEO6 calculation), a value suitable for photovoltaic applica-
tions, and the near-perfect match in lattice constants between the
Al,C monolayer and PdO (100) surface suggests a strong likeli-
hood of experimental realization of the Al,C monolayer on the PdO
(100) substrate [63]. Xu et al. reported that the intrinsic acoustic-
phonon-limited carrier mobility (x) of Al,C monolayer sheet and
nanoribbon are investigated using ab initio computation and de-
formation potential theory [64]. Almeida et al. investigated hydro-
gen evolution reaction (HER) and oxygen evolution reaction (OER)
[65] on a two-dimensional Al,C monolayer, revealing the bifunc-
tional catalytic activity of Al,C [66]. It has also been reported that
Al,C nanosheets have good gas-sensitive properties of toxic volatile
organic compounds (VOCs) [67] and hydrogen storage properties
after modification with Li atoms [68].

In this study, we specifically provided a detailed description
of the adsorption and separation behavior of CO,/CH4/H, on
the surface of two-dimensional (2D) Al,C materials under posi-
tive/negative applied electric fields. electric field CO, is weakly ph-
ysisorbed on the Al,C surface without an electric field, but with
the application of an applied electric field, the adsorption state
of CO, gradually changes from physical to chemisorption (adsorp-
tion energy changes from —0.29eV to —3.61eV), while the neg-
ative electric field has no effect on the adsorption of CO,. Next,
we investigated the behavior of CO, adsorption by negative electric
fields and the thermodynamic properties of the adsorption process.
In addition, the capacity of Aj;C to trap CO, under an external elec-
tric field is also explained in detail.

All the spin-polarized structure optimization calculations are
performed using the Dmol® procedure [69] based on density gen-
eralized theory. The Kohn-Sham equation used in solving the elec-
tron density utilizes the generalized gradient approximation (GGA)
accompanied by the Perdew-Burke-Ernzerhof (PBE) [70] to de-
scribe the exchange-correlation energy functional. To correct for
the weaker van der Waals (vdW) [71] interactions between the
layered materials Grimme method for DFT-D correction [71] is
applied all the time. The double numerical basis set with the
D-polarization function (DNP) and the cutoff radius in real space at
4.8A. The Al,C nanosheet was simulated by a 2 x 3 periodic super-
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cell of size 10.178 x 9.171 A, containing 12 Al atoms and 6 C atoms.
In addition, a vacuum layer of 15A was set in the z-axis direction
to avoid serious layer-to-layer effects. The convergence criteria of
total energy, atomic force, and the maximum displacement were
set to 1 x 10~ Ha, 0.002 Ha/A and 0.005 A, respectively. A grid of
3 x 5 x 1 Monkhorst-Pack k-points [72] was employed for the Bril-
louin zone. The charge analysis is carried out by Hirshfeld charge
analysis. The ability to capture CO, was studied by variations of
thermodynamic functions such as enthalpy (AH), entropy (AS),
and free Gibbs energy (AG). Here, we define the adsorption en-
ergies (E,qs) to describe the interaction between CO,/CH4/H, and
the BC3 sheets as:

Eads = Lg-AlL,C — EAIZC - Eg (l)

where E;_apc, En,c and Eg represent the total energy of the
adsorption of CO,/CH4/H,, pristine Al,C nanosheet, the small
molecule during adsorption, respectively. It can be known from the
definition that the larger the adsorption energy, the better the ad-
sorption performance. It is worth noting that the positive E-field is
perpendiculars to the Al,C surface and points downward.

Al,C nanosheets are two-dimensional layered semiconductors
with an indirect bandgap of 1.05eV and two kinds of bond lengths
corresponding to 1.965 and 2.570A for C-Al and Al-Al bonds in
the absence of an applied electric field (Figs. 1a and b) as previ-
ously studied in the literature, respectively. In addition, the struc-
ture of Al,C is characterized by two types of rings, C,Al, tetrads,
and C, Al hexads. The stability of the structure under electric field
needs to be verified before the gas adsorption test, so the Al,C
structure was selected in the electric field range from —0.005 a.u.
to 0.005 a.u. The stability of Al,C under electric field is discussed
in terms of energy, kinetic and thermodynamic stability. The en-
ergy stability is illustrated by the following equation for the cohe-
sive energy:

mEy — nEc — Ej,c
m+ n

(2)

where E,; and Ec refer to the energy of individual Al and C atoms,
Epy,c refers to the energy of Al,C in the supercell, and m and n
refer to the number of Al and C atoms, respectively. As shown in
Fig. 1b, there is regularity in the stability of Al,C under the electric
field from —0.005a.u. to 0.005 a.u. When the electric field value
increases from 0 a.u. to 0.005 a.u., the cohesive energy of Al,C in-
creases from 4.3414eV to 4.3447 eV with an increase of 0.033eV,
which indicates that the positive electric field can increase the
structural stability of Al,C. Similarly, it can be seen from Fig. 1b
that the negative electric field can also increase the structural sta-
bility of Al,C. The Al,C structure has the same cohesive energy for
the same intensity of positive and negative electric field values.
These values of aggregation energy can be compared to graphene
(6.93-7.21eV) and penta-graphene (6.86-7.21eV), demonstrating
the high stability of Al,C. Furthermore, Al,C nanosheet with an
electric field of 0.005 a.u. is performed a canonical ensemble at
300K for ab initio molecular dynamics (AIMD) simulation. After
2 ps with a time step of 1 fs (Figs. 1c and f), the Al,C systems re-
tain their stable structures under 0.005 a.u. electric field, as shown
in Fig. 1e. These findings demonstrate the stability of the Al,C
nanosheet in an applied electric field. Next, we tested the adsorp-
tion of CO, at different electric field values. Before the test, we se-
lected six adsorption sites depending on the chemical environment
of the atoms, as shown in Fig. 1a.

As shown in Fig. S1 (Supporting information), in the absence
of an applied electric field, neither CO,/CH4/H, can be chemi-
cally adsorbed on the surface of Al,C. The adsorption energies
of CO, and CH4 are —0.29eV and —0.24eV, respectively, which
are relatively weak physical adsorption, but the adsorption energy
of H, is —0.11eV indicating that H, cannot be adsorbed on the
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Fig. 1. (a) Top (upper) and (d) side (lower) views of Al,C structure (2 x 3). C, H1, H2, H3, D1, D2 denote different adsorption sites on Al,C. Al atoms and C atoms are in
magenta and gray, respectively. (b) The cohesive energy of Al,C nanosheet in an applied electric field. (c) Energy change and (f) temperature during molecular dynamics
simulation of Al,C after 2000 fs at 300K with an external electric field of 0.005 a.u. and (e) structure after 2000 ps at 300K simulation.

Al, C surface. The most stable adsorption structures of H, and CHy
(Figs. S1b and c) show that the distance of the small molecules
from the surface is 2.863 and 3.148 A, respectively. It is that all
three gas molecules are readily present on the H ring vacancies
site. Table S1 (Supporting information) presents the correspond-
ing adsorption energy E,4 (eV), minimum distance Dy, (A) be-
tween the gas molecule and AL, C substrate, bond length (A) and
angle after gas adsorption, total Hirshfeld-type charge (e~ )of the
gas molecule (AQ) without an electric field. All the bond lengths
are in angstroms. All the data in the Table S2 (Supporting in-
formation) prove that in the absence of an applied electric field,
CO,[CH4/H; is not chemisorbed on the Al,C surface, and the inter-
action between the gas molecules and the Al,C surface is too weak
to achieve the separation of the gases according to the adsorption
difference.

To explore whether the adsorption of CO, on the Al,C surface
can be regulated by the applied electric field, we investigated all
possible adsorption structures of CO, on the Al,C surface under
positive and negative gradient electric fields (Fig. S2 in Support-
ing information). Comparing the adsorption configuration of CO,
in Fig. S2 when no/0.001 a.u. electric field is applied, it can be
found that the bond angle of CO, is slightly changed from 178.6°
to 178.3° and the corresponding shortest adsorption distance is
reduced from 3.156A to 3.123A. The Hirshfeld-charge transferred
from Al,C to CO, is reduced from 0.021 e~ to 0.007 e~. The cor-
responding adsorption energy increases from —0.29eV to —0.31eV,
indicating that the electric field at this point enhances the interac-
tion between CO, and A,C but it is still physical adsorption.

Table S3 (Supporting information) presents the structural pa-
rameters, including the O-C-O angles, C-O bond length, the elec-
tron transfers from Al,C nanosheet to CO,, C-O bond length
change rate, the distance between CO, and surface in an applied
electric field. When the electric field value increases to 0.003 a.u.,
the molecular conformation of CO, still does not change signif-
icantly (Fig. S2c). The C-O bond length at this point is 1.176 A,
the bond angle is 175.6°, and the corresponding adsorption en-
ergy is —0.47 eV. However, when the electric field value increases
to 0.0033 a.u., the bond angle of CO, is sharply bent to 121.5°, the
C-0 bond length is stretched to 1.314A, and the shortest adsorp-
tion distance of CO, from the A,C surface is shortened to 1.416 A,
with Hirshfeld-charge —0.496 e~, corresponding to adsorption en-
ergy of —3.06eV. These evidences lead to CO, on the Al,C sur-
face to a relatively strong chemisorption. As shown in Figs. S2a-c,
the critical point of CO, from physical adsorption to chemical ad-
sorption on the Al,C substrate is between 0.003-0.0033 a.u. Previ-
ous studies in the literature have shown that the minimum E-field

value (0.0065 a.u.) required for the conversion of CO, from phys-
ical adsorption to chemical adsorption is much smaller than that
of Penta-graphene (0.025-0.03 a.u.) [30], and is also smaller than
the E-field value required in the previous literature to capture CO,
materials, such as C;N (0.035-0.04 a.u.), h-BN (0.01-0.03 a.u.) [38],
C3N (0.032-0.037 a.u.) [73], P-doped Cgg (0.008 a.u.) [29], P-doped
graphene (0.013 a.u.) [74], and BC3 (0.006-0.0065 a.u.) [11]. How-
ever, the critical E-field value of this CO, from physical adsorption
to chemical adsorption is greater than that of MoS, (0.004 a.u.)
[75] and PCs (0.002 a.u.) [31] because the polarization effect of
the Al,C structure under the E-field is not as strong as the former
two, which shows that Al,C captures CO, in this way is more eco-
nomical and efficient. Figs. S2e and f illustrate that when the ap-
plied electric field is further increased to 0.005 a.u., the bond angle
bending of CO, further increases from 121.5° to 120.3°, the adsorp-
tion distance decreases from 1.461A to 1.181A, and the C-O bond
length stretches from 1.314A to 1.325A. It is worth noting that the
charge of CO, is —0.597 e~ and the corresponding adsorption en-
ergy increases to —6.50eV. The above evidence indicates that with
the increase of the positive electric field strength, the interaction
between CO, and Al,C surface is enhanced and the chemisorption
intensity of CO, becomes higher and higher.

We also investigated the effect of the negative (upward perpen-
dicular to the z-axis) electric field on the adsorption of CO, on the
Al, C surface. As shown in Figs. S2g-k, when the electric field value
increases from —0.001 a.u. to —0.005 a.u,, it is obvious that all the
molecular conformational change of CO, is negligible, but there is
a slight increase in the bond angle of CO, (to 179.3° which is close
to the bond angle of gaseous CO, molecules). This indicates that
the effect of negative electric field and positive electric field on
the nature of CO, adsorption by Al,C is different, and the negative
electric field cannot change the nature of CO, adsorption. But why
the positive electric field can significantly promote the adsorption
of CO, on the surface of Al,C. We will then look for the reason
through a more in-depth electronic structure analysis.

In order to gain insight into the reasons for the enhanced bind-
ing energy of CO, to Al,C under electric field, the charge den-
sity difference and density of states (DOS) analyzes are performed.
Fig. S3 (Supporting information) shows the charge difference den-
sity of the most stable structure of CO, adsorbed on the Al,C sur-
face in the external electric field range —0.005 a.u. to 0.005 a.u.
Figs. S3a-c show that between the electric field of 0.001-0.003 a.u.
CO, prefers to get electrons from the substrate and that there is a
flow of electrons within the CO, molecule under the applied elec-
tric field (the flow direction is from C atoms to O atoms), which
is consistent with the Hirshfeld-charge analysis in Table S3. The
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blue region between the CO, molecule and the substrate indicates
an increase in the electron density in this region which leads to
enhanced interaction between the two. However, as the electric
field strength increases to 0.0033-0.005 a.u., the electron density
near the CO, molecule increases as seen in Figs. S3d-f, indicating
that more electrons are transferred from the substrate to the CO,
molecule as the electric field strength increases. CO, is a Lewis
acid molecule and tends to accept electrons. The results of the
charge density indicate that the positive electric field favors the
contribution of electrons from Al,C to CO,, thus activating CO,. At
the same time, the interaction between CO, and Al,C is enhanced
because more electrons are coupled between the O-Al bonds thus
forming stronger bonds, explaining why the adsorption of CO, on
the Al,C surface is enhanced with increasing electric field strength.
When the electric field is between —0.005 a.u. and O a.u., as de-
picted in Figs. S3g-1, there is no remarkable change in the distribu-
tion of electron density, so we conclude that the negative electric
field does not significantly affect the electron distribution of the
system.

In order to study the alteration of C=0 bond interactions in CO,
molecules under electric fields, we further investigated the Crys-
tal Orbital Hamiltonian Population (COHP) [76] of C=0 bonds to
analyze the interaction between C=O0. Fig. S3 depicted the partial
density of states (PDOS) and molecular orbital of CO, molecule ad-
sorbed on Al,C under different electric field values, above and be-
low the 0 value of COHP are the anti-bonding state and bonding
state, respectively. Yellow stands for bonding contributions, while
cyan stands for antibonding contributions. In Figs. S3a and b by
comparing the PDOS and COHP of C=0 bonds under 0 a.u. and
0.003 a.u. electric fields, it can be found that the bonding molec-
ular orbitals of C=0 without electric field are mainly localized at
the energy level of —8.3eV and consist mainly of O p, O s, and
C p orbitals contributing to each other. The C=0 and antibonding
molecular orbitals (the contribution of C p orbitals dominant) in
the absence of electric field are mainly composed of C p orbitals
and O p orbitals. The molecular orbitals of the C=0 bond at 0.003
a.u. show hardly ever switch, because the electric field strength is
not large enough to reach the critical value for the rearrangement
of the C=0 bond molecular orbitals. However, when the electric
field value increases to 0.0033 a.u., a noteworthy change in the
molecular orbitals, as well as the composition of C=0 can be seen.

As shown in Figs. S4c and d (Supporting information), firstly,
the molecular orbitals of the C=0 bond below the Fermi energy
level and the corresponding PDOS have a significant shift to a shal-
lower energy level, and the bonding molecular orbitals of C=0
have a cleavage leading to a significant decrease in the bonding
strength. It is noteworthy that the antibonding orbital of the C=0
bond moves to deeper energy levels (from 3.2eV to 2.5eV) and
the area of the antibonding state increases, indicating that more
empty orbitals constitute the antibonding orbital. It is interesting
to note that the atomic orbitals constituting the bonding orbitals
of the C=0 bond at 0.004 a.u. electric field form two more promi-
nent peaks at —1.8eV and —2.3 eV, which are below the Fermi en-
ergy level but do not contribute to the bonding. Integrated COHP
(ICOHP) was calculated by calculating the energy integral up to the
highest occupied bands, and the value of ICOHP quantitatively re-
flected the strength of bonding. As shown in Fig. S4 (Supporting
information), the value of ICOHP decreases with increasing elec-
tric field strength, which indicates that the bonding strength of
the C=0 bond decreases and the applied electric field can signifi-
cantly activate the C=0 bond but there is a minimum electric field
strength of 0.0033 a.u. The above evidence also indicates that the
applied positive electric field can effectively activate the C=0 bond
in CO,.

In order to gain a deeper understanding of the mechanism of
CO, adsorption on the Al,C surface, we investigated the mecha-
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nism of CO, adsorption on the Al,C surface under different electric
field strengths. In the absence of electric field, as shown in Fig. S5a
(Supporting information), the 2s and 2p orbitals of CO, molecules
near the Fermi energy level have almost no overlap with the 2p
orbitals of Al atoms and the 2p orbitals of C. This indicates that
the interaction between the three is so weak that CO, molecules
cannot be chemisorbed on the Al,C surface. Fig. S5b (Supporting
information) shows the PDOS under 0.002 a.u. electric field, which
is similar to the case without applied electric field when the over-
lap of the three electronic density of states is very small. However,
when the electric field value increases to 0.003 a.u., the overlap
between C 2p and CO, 2s begins to appear in the —5~0eV en-
ergy range, which indicates that the interaction between C atoms
and CO, begins to increase at this time in response to the elec-
tric field. The above results indicate that the applied electric field
significantly promotes the interaction of CO, with Al and C atoms
on the surface of Al,C, and Al and C atoms synergistically exhibit
chemisorption effect on CO, under electric field.

To evaluate the effect of CO, adsorption on the Al,C surface and
to visualize the effect of the applied electric field on CO, adsorp-
tion, we used the structural parameters, including (a) the 0-C-O
angles, (b) C-O bond length, (c) the electron transfers from Al,C
nanosheet to CO,, (d) C-O bond length change rate, (e) distance
between CO, and surface, and (f) the adsorption energy of the
most stable configurations in an applied electric field as a function
of the electric field value, as depicted in Fig. S6 (Supporting infor-
mation). Both C-O bond length change rate and C-O bond length
increase considerably with increasing electric field strength while
there is a tendency that the O-C-O angles, the electron transfers
from Al,C nanosheet to CO,, the distance between CO, and sur-
face, and the adsorption energy of CO, decrease due to an increas-
ing electric field strength, which can be interpreted by the increas-
ing static electric field generated near the surface of the charged
sorbent because of increasing electric field. Moreover, the increas-
ing electron transfers from Al,C nanosheet to CO, and the decreas-
ing distance between CO, molecule and the surface contribute to
the enhanced adsorption energy of CO, molecule (Figs. S6¢ and
e). Therefore, we can conclude that polarization of CO, molecule
induced by electric field has an impact on adsorption energy of
CO, molecule, demonstrating its significant role in electric field-
controlled switchable CO, capture.

To study the thermodynamic properties of CO, adsorption on
the Al,C with an applied electric field 0/0.0033 a.u., the formation
of chemisorbed configurations at different temperatures, changes
in the entropy of thermodynamic functions (AS, cal mol~! K-1),
enthalpy (AH, kcal/mol), and Gibbs free energy (AG, kcal/mol)
with temperature (K) were explored. Fig. S7 (Supporting informa-
tion) illustrates the thermodynamic properties of CO, single ad-
sorption and CO,/CH4/H, mixed gas adsorption with an applied
electric field of 0.0033 a.u. on the Al,C as a function of tem-
peratures (K). For CO, adsorption alone under an electric field of
0.0033 a.u., the thermodynamic properties are shown in Fig. S7a.
Capacity volume (Cv) increases with temperature in the temper-
ature range of 0-525K but slowly converges to a constant be-
tween 525K and 1000K. AS and AH increase with temperature
in the range of 0-1000K. The temperature of Cv increases with
temperature in the range of 0-1000K. The temperature of Cv in-
creases with temperature in the range of 0-1000K. It is note-
worthy that AG in the chemical process of adsorption of individ-
ual CO, molecules under an electric field of 0.0033 a.u. is greater
than zero in the temperature range of 0-525K, but less than zero
in the temperature range of 525-1000K. This suggests that the
chemisorption of individual CO, on the Al,C surface is only spon-
taneous at temperatures greater than 525K. Fig. S7b depicted the
thermodynamic properties of CO,/CH4/H, mixtures adsorption un-
der an electric field of 0.0033 a.u. The trends of S, H, and Cv in the
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Fig. 2. The energy profile for the chemisorption to physisorption of the adsorbed
CO, over Al,C due to removing or switching of electric field (EF=0.0033 a.u.).

thermodynamic parameters of CH,/CH4/H, mixed gas adsorption
under 0.0033 a.u. applied electric fields are consistent with those
of the CO, adsorption system alone, with the difference that the
AG of the mixed gas system adsorption is only greater than O be-
tween 0 and 675 K. This indicates that only at temperatures greater
than 675K, the mixed gas adsorption under 0.0033 a.u. electric
field the behavior of separation can be spontaneous.

In order to explore the reaction mechanism of the CO, adsorp-
tion reaction on Al,C under the influence of an applying external
electric field, we have studied the reaction of CO, capture/release
on the Al,C nanosheet by turning on/off an external electric field
0.0033 a.u. As shown in Fig. 2a, the CO, molecule is chemisorbed
on the Al,C with a C-O distance of 1.181A under influence of
an applied 0.0033 a.u. electric field. The process has no activa-
tion barrier and the reaction is exothermic by —3.352 eV. The con-
version process of the chemisorption to physisorption was stud-
ied when the external electric field is switched off. The results
show that the conversion process (desorption process) is exother-
mic by —0.661eV without an activation barrier (Fig. 2b). These
studies show that we can control the capture/release of CO, /from
Al,C nanosheet by simply switching on/off the external electric
field.

The CO, capture capacity is an important criterion of the per-
formance of an adsorbent, so we scrutinize the number of CO,
molecules that could be captured by the Al,C laminate for electric
field strengths ranging from 0 to 0.005 a.u., as depicted in Fig. 3.
It is clear that when the coverage of CO, molecules is relatively
low (Figs. 3a-c), CO, can be chemisorbed on the Al,C surface at
an electric field of 0.003-0.004 a.u. It is noteworthy that when 2
CO, molecules are adsorbed on the substrate, the CO, capture rate
at an electric field of 0.003 a.u. is 50%. As the CO, coverage in-

3 1 3
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creases, we find that the capacity of Al,C to capture CO, is limited,
corresponding to a definite value for the amount of CO, captured.
For the adsorption of 4 CO, molecules, the percentage of CO, cap-
tured is 25% when the electric field value is between 0.003 a.u.
and 0.004 a.u.,, and when the electric field continues to increase to
0.005 a.u. the capacity to capture CO, at this point is 50%. When
the CO, coverage is 5, the CO, capture capacity between 0.003 a.u.
and 0.004 a.u. is 20% and the maximum capture capacity in the
tested range is 3 CO, molecules (75%). When the CO, coverage
is further increased until 100% of the adsorption active sites are
utilized, we find that the CO, capture capacity is then 0. In this
section, we investigate the capacity of Al,C to trap CO, under an
electric field by studying the increase in CO, concentration in the
atmosphere by increasing the amount of CO, in a specific electric
field range, based on the number of CO, molecules that can be
chemisorbed. In summary, the ability of Al,C to capture CO, un-
der an electric field decreases with increasing CO, concentration,
which is quite understandable since the average energy gained per
CO, per unit electric field decreases with increasing CO, concen-
tration.

Not only is the capture capacity important for CO, adsorbents,
but also the separation of the gas according to the selectivity of
the adsorbent is equally important. In industrial natural gas pro-
cessing, there is a gas mixture CO,/CH4/H;, where CH4 and H,
are clean energy sources and CO, as an impurity can affect the
purity of the energy gas. We have therefore investigated the ap-
plication of Al,C for gas separation and purification based on the
selective difference in the adsorption of CO,/CH4/H, by Al,C un-
der an applied electric field. The optimized most stable structure
of CO,/CH4/H, under an applied electric field of 0.0033 a.u. is
shown in Fig. S8 (Supporting information), corresponding to ad-
sorption energies of —3.61, —0.41 and —0.37 eV, respectively. The
difference in the adsorption behavior of the gas mixture is also
evidenced by the difference in charge density shown in Fig. S9
(Supporting information). The adsorption behavior of CO,/CH4/H,
gas on the Al,C surface in the electric field range of 0-0.005 a.u.
was also investigated and the adsorption energy of the gas mixture
was fitted with the applied electric field strength as the horizon-
tal coordinate, as shown in Fig. 4. Fig. 4a shows that the adsorp-
tion energy of CO,/H,/CH4 below —0.5eV at 0-0.003 a.u. The three
components of the gas mixture are physically adsorbed, which can
not achieve effective gas separation. However, as the electric field
strength increases, we find that the corresponding CO, adsorp-
tion is most intense showing an exponential increase, but between
0.003 a.u. and 0.0035 a.u. CHy4/H, is still physically adsorbed. This
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Fig. 3. (a-f) The number of CO, molecules captured with different positive electric field from 0 to 0.005 a.u. and corresponding structure.
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Fig. 4. (a) The adsorption energies of the most stable configurations of CO,, H,, and
CH4 on Al,C nanosheet in an applied electric field. The fitted tendency between
electric field values and adsorption energies of (b) CH4, (c) CO; and (d) Hy. The
fitted functions are written in the figures.

significant difference in adsorption allows for efficient CO,/CH4/H
gas separation. In contrast, the correlation between the adsorption
energy of CO, and the electric field is weaker, and the correlation
between the adsorption energy of CH4 and the electric field is even
weaker (Figs. 4b-d).

The separation and mix purification of Al,C nanosheet materi-
als using the difference of adsorption properties of CO,/CH4/H; gas
mixtures under an applied electric field has been calculated theo-
retically using the first principles. The main points are summarized
as follows:

(1) In the absence of an electric field CO, is weakly physisorbed
on the Al,C surface, but with the application of an ap-
plied electric field, the adsorption state of CO, gradually
changes from physical to chemisorption (adsorption energy
changes from —0.29eV to —3.61eV) with increasing electric
field strength, with the required electric field critical range
of 0.003-0.0033 a.u. However, a negative electric field has
little effect on the adsorption of CO,.

(2) The C=0 bond in adsorbed CO, has a significant activation
effect under an external electric field (maximum activation
of 15% under an external electric field of 0-0.005 a.u.) be-
cause the applied electric field enhances the polarization of
the CO, molecules and changes the molecular orbital elec-
tron distribution of CO,.

Only in the presence of an applied electric field of 0.0033

a.u. and temperatures above 525/675K can the adsorp-

tion/separation reaction of (a) CO, single adsorption and

(b) CO,/CH4/H, mixture to be spontaneous. The adsorp-

tion/desorption of CO, on Al,C nanosheet in an electric field

of 0.003-0.0033 a.u. are all exothermic, which can be easily
controlled by switching on/off the electric field without any
energy barriers.

(4) The capacity of Al,C to capture CO, per unit electric field
decreases with increasing CO, concentration but still has ef-
ficient gas separation properties for CO,/CH4/H,.

(3
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